A system is developed to control the pulsed gas metal arc welding process. To achieve controlled detachment of the droplet, the welding current is switched from a peak level to a background level to induce droplet oscillation. When the droplet moves downwards, the current is switched back to peak level. The combination of downward momentum of the oscillating droplet and increased electromagnetic force guarantees detachment of the droplet. Instead of adjusting duration of the background current, the waveform of the current is adjusted to control the melting rate of the electrode wire without having to change the transfer frequency. It is found that the dynamic model of the process depends on welding operational parameters, which vary with applications, and therefore it is unrealistic for operators to provide welding machines these parameters as inputs. Hence, welding operational parameters are considered as unfixed and their ranges are used to quantify the resultant uncertainty in the dynamic model. As a result, the process is controlled using a single algorithm at different operational parameters. Experiments verified the effectiveness of the system in overcoming two common variations in welding operational parameters, wire speed and contact tube-to-work distance. ͓DOI: 10.1115/1.1470173͔
Introduction
During gas metal arc welding ͑GMAW͒, the electrode wire is melted and liquid droplets are formed at the tip of the electrode ͓1͔. When detached from the electrode, the droplets transfer both mass and heat into the weld pool. To achieve quality welds, controlled transfer is required.
Pulsation is an effective way to achieve a controlled transfer process at wide ranges of heat and mass input levels ͓2-4͔. A common practice is to detach one, and only one, droplet per pulse ͓5,6͔. Such a transfer mode is referred to as one-drop per-pulse ͑ODPP͒. Significant efforts have been made to obtain ODPP ͓5-10͔. In conventional pulsed GMAW, optimal pulse parameters are preselected based on welding parameters and conditions. However, our previous analysis shows that preselected pulse parameters lack robustness with respect to variations in welding conditions ͓11-13͔.
To guarantee ODPP, a novel detachment control approach was proposed ͓11͔. The principle is to ensure ͑1͒ the droplet not be detached if no active detachment action is taken and ͑2͒ the droplet be detached if an active detachment action is applied. In the proposed approach, the peak current is lower than the transition current ͓14͔. This implies that no droplet can be detached unless it grows to a very large size, much bigger than the desired one. However, the proposed approach applies a step decrease in welding current when the droplet reaches the desired size. The electromagnetic force is suddenly reduced and a droplet oscillation is induced. The oscillation phase is monitored based on the arc voltage. When the droplet moves downwards, the current is switched back to its peak level. Because of the combination of downward momentum and increased electromagnetic force, the detachment of the droplet is guaranteed.
To apply the proposed approach in welding machines, a robust feedback system is needed to control the melting rate of the electrode such that the wire feed is tracked under different operational parameters and disturbances. This paper addresses the development of such a robust control system. Figure 1 illustrates the control system to be developed. The waveform of the welding current is shown in Fig. 2 . The wire feed speed, the desired arc voltage, the pulse frequency, the maximum peak current I p , and the background current I b are preset parameters. The feedback algorithm determines the average current based on the feedback and the set-point of the arc voltage. To realize the desired average current, the waveform computation unit calculates the current waveform according to the preset pulse parameters and the average current.
System
The waveform of the welding current is defined by a number of pulse parameters. f and Tϭ1/f are the preset frequency and period, respectively. T 1 is a given short period during which the welding current is I p and the arc voltage is sampled. The background current period T 2 is not fixed. It is found that when the welding current steps down from I p to I b , the droplet of the melted metal starts to oscillate ͓11͔. The oscillation of the droplet is closely monitored. When the droplet moves downward, the welding current is switched back to I p , resulting in an increase in the electromagnetic force. The downward momentum of the droplet combines with the increased electromagnetic force so that the droplet is detached within a given period T 3 ͓11͔. In this way, the preferred metal transfer mode of ODPP can be guaranteed ͓11͔. The average current is controlled by changing the waveform of the welding current during the adjustment period.
The frequency f or the period T of the transfer can be selected in a significant range for a given wire feed speed. However, the wire feed speed determines the required wire melting rate. When the melting rate is given, a larger T implies a larger size of the droplet. In order to achieve a preferable transfer, the diameter of the drop must be close to the diameter of the electrode wire. Thus, when the wire speed increases, the frequency f will have to increase if the size of the drop needs to remain unchanged. It was found that for our active detachment control approach, the desired ODPP mode can be guaranteed when 0.8рD d /D w р1.3 where D d and D w are the diameters of the drop and the electrode wire, respectively. Hence, if the size of the drop does not need to be precisely controlled, f may not necessarily be changed if the change in the wire speed is not excessive. In the system, the frequency is preset based on the wire speed and the wire diameter. However, during welding and closed-loop control, the preset frequency will be unchanged.
It can be seen that the proposed system on-line adjusts the melting rate by changing the waveform of the welding current with a fixed transfer frequency. However, in conventional pulsed GMAW, the melting rate of the electrode is primarily adjusted by changing the duration of the background current. A variable metal transfer frequency is therefore caused. In precision manufacturing, for example, drop-based prototyping ͓15,16͔, the drop size and the transfer frequency must be accurately controlled. Hence, the waveform of the welding current would be a more appropriate variable to manipulate in an advanced pulsed GMAW system.
Process and Modeling
A fundamental condition for achieving desired ODPP is the balance between the melting of and the feeding of the electrode wire. An imbalance will cause the arc length, measured by the arc voltage, to vary, resulting in an unstable arcing process. This requires that the arc voltage be feedback controlled. The input and output of the process being controlled is the average current I and the arc voltage V measured at the end of the period T 1 , respectively. In order to design the control system, a dynamic model which correlates the average current and the arc voltage is needed. Heuvel ͓17͔ give the following equation to determine the melting rate of mild steel wire electrode for the spray transfer mode:
Process Analysis. Waszink and
where the wire extension L, the cross-sectional area of the electrode wire S, the average current I, and the melting rate ṁ are measured by m, m 2 , A, and kg/s, respectively. In the proposed system, the waveform of the welding current as shown in Fig. 2 will be used. When I is given, ṁ is also subject to the influence of the waveform. However, such influence is insignificant in comparison with other welding parameters such as the arc length and the flow rate of the shielding gas, especially I, L, and S. Hence, to develop a robust system which will control the process with a single algorithm under different operational parameters ͑I, L, and S͒ and disturbances, the influence of the waveform of the welding current on the effectiveness of Eq. ͑1͒ should be negligible.
Denote the wire feed speed as w . Thus, for a given wire,
where d is the density of the wire. k 1 and k 2 are constants, but depending on the material and diameter of the wire. Denote the arc length by l. Hence,
where D is the distance from the contact tube to the work. The dynamic correlation between the welding parameters and the arc length is therefore formulated. Because of the direct relationship between the arc length and the arc voltage, the formulation of the correlation between the arc voltage and the welding parameters is also established. It can be seen that the dynamic model which correlates the output ͑the arc voltage͒ and the control variable ͑the average current͒ is nonlinear. Because of the dependence of k 1 and k 2 on the material and the diameter of the wire, the dynamic model also varies with the wire. In addition, the dynamic model depends on the wire feed speed w and the contact tube-to-work distance D.
One may determine all the parameters in the dynamic model based on the welding operational parameters used including the wire material, the wire diameter, the wire feed speed, and the contact tube-to-work distance and then design a non-linear control algorithm to control the process. When the parameters used change, the control algorithm must be changed accordingly. It is apparent that such a complicated control strategy may not be suitable for power supplies. Also, it will not be desirable to require operators to input these parameters into power supplies. One single control algorithm, which can be used in the whole possible ranges of the welding operational parameters, may be more appropriate. Transactions of the ASME PROOF COPY 009202JDS
3.2 Interval Model. The control algorithm that will be used in this study is prediction based. When a predictive controller functions, it predicts the output of the process controlled ͓18,19͔. The adjustment of the control variable will be determined in order to drive the predicted output to approach the set-point. Although in most cases the output cannot be exactly predicted, the control algorithm can change the control variable based on the new feedback from the output so that the error between the actual output and its set-point is gradually reduced.
When a more accurate model is used, the output can be more accurately predicted. In our case, the substantial ranges of the welding operational parameters cause uncertainties in the process dynamics, thus errors in output prediction. Also, the error increases as the ranges of the welding operational parameters increase. Thus, the actual ranges of the welding operational parameters should be determined in order to optimize the control algorithm.
In modern robust control, the uncertainty in the dynamic model needs to be quantified based on the actual ranges of the system's operational conditions. The control algorithm is designed so that it can work despite the variations in the operational conditions. In this study, mild steel of 0.048 in. in diameter is used. The wire feed speed ranges from 100 in/min to 200 in/min. The projected range of the average current is ͓80A, 200A͔ which covers the current range for producing the projected spray transfer. The contact tube-to-work distance is bounded by 0.4 in. and 0.8 in. These ranges can be used to determine the uncertainty in the process dynamics.
It can be seen that the coefficients in the dynamic model in our case are bounded in some intervals. Thus, the process being controlled can be described by an interval model ͓20-22͔ either in continuous-time or discrete-time. In general, the control of an interval model is a challenging issue. In the next section, a predictive algorithm will be developed to control the following discretetime interval model:
where k is the current instant, y k is the output at k, u kϪ j is the control variable at (kϪ j) (jϾ0), while n and h( j)s are the order and the real parameters of the following z-transfer function:
The parameters h( j)s are unknown but bounded by the following intervals:
where h min (j)рh max (j) are known and can be determined based on the ranges of the operational conditions. It should be pointed out that model ͑4͒ is linear when its parameters have fixed or time-varying values. However, for a nonlinear process such as ͑3͒, model ͑4͒ is capable of giving conservative estimates for the upper and lower limits of its responses if the ranges of the parameters are sufficient. As stated earlier, a single control algorithm will be designed for the whole possible ranges of the welding operational parameters. Hence, for simplicity, model ͑4͒ with sufficient parameter intervals will be used in the robust control system design. Its effectiveness will be verified by closed-loop control experiments.
In order to determine h min (j)рh max (j), the range of each welding operational parameter is equally sampled. The numbers of the samples for the welding current, wire feed speed, and contact tube-to-work distance are all 11. The set of the welding parameter is denoted as ͕I(i), w ( j),D(k)͖ (iϭ1, . . . ,11; jϭ1, . . . ,11;k ϭ1, . . . ,11). For a given set, the welding process can be simulated using Eq. ͑3͒. If the parameters match, the process will reach a stable steady-state with a steady-state output l 0 . Then, a positive increment in the welding current, ⌬I, is applied in a short duration ⌬Tϭ/⌬I where the unit of is sϫA. The arc length is increased by the positive impulse in the welding current. After a transition period, the arc length will return to the steady-state l 0 . The increase of the arc length, lϪl 0 , during the transition period is the impulse response. The unit impulse response will be (l Ϫl 0 )/. The unit impulse response of the arc voltage to the welding current can therefore be obtained.
It should be noted that because the system is non-linear, the unit impulse response depends on ⌬I. In our control algorithm the maximum and the minimum of the unit impulse response, i.e., h min s and h max s, are needed. Hence, different ⌬I s should be used to excite impulse responses. During practical control, the maximum current change in a single step should be under 10A; thus ⌬Iϭ1A, 2A, . . . ,10A are used to simulate the process and calculate the unit impulse responses for a same steady-state. In order to simulate the process realistically, it is preferred that ⌬T ϭ/⌬I be close to the metal transfer period. Thus, ϭ0.1sA is used in the simulation. When ⌬I varies between 1 A to 10 A, ⌬T changes in the range from 10 ms to 100 ms.
Simulation data directly gives h min s and h max s as shown in Fig.  3 . Based on h min s and h max s, a robust control algorithm will be designed which can control the arc voltage despite the wire speed, welding current, and contact tube-to-work distance used.
Control
Although the interval model can give a reasonable description to many uncertain processes, only some interval plants have been addressed ͓20-22͔. For example, an algorithm was recently proposed to control the interval plant ͓22͔, but using only one independent interval. A general method for designing a stable controller remains an open problem. In an effort to design a robust control system based on uncertainty ranges of welding operational conditions, a general method of designing a guaranteed stable closed-loop control system for interval plants is developed below. This algorithm can be used to control the welding process in this study.
System Assumption.
The welding process is described by ͑4͒. The output y is the arc voltage and the control variable u is the average current. The unit of h( j)s is V/A, and the upper and lower limits of the intervals, h min (j)s and h max (j)s, are given in Fig. 3 .
The unit step response functions s(i) and their upper and lower limits s max (i) and s min (i) are: 
To ensure negative feedback control, we also assume:
4.2 Preparation. Consider instant k (kϭ1,2,3, . . . ). Assume the feedback y k is available and u k needs to be determined. Model ͑4͒ yields
where ⌬y k ϭy k Ϫy kϪ1 (10) ⌬u kϪ j ϭu kϪ j Ϫu kϪ jϪ1
Denote y kϩi (⌬u k ) as the output at instant kϩi (iϾ0) when the control actions are kept unchanged after instant k, i.e., u kϩ j ϭu k (᭙ jϾ0). Based on ͑9͒, the following equations can be obtained:
When iϭn, Eq. ͑13͒ results in
Thus,
where ⌬U kϪ1 represents the knowledge of (⌬u kϪ1 ,⌬u kϪ2 , . . . ), and f ( j,⌬U kϪ1 )ϭ ͚ lϭ1 jϪ1 ⌬u kϩ1Ϫ j ϭu kϪ1 Ϫu kϪ j . It is evident that 
The proposed control law is:
max y kϩn ͑ ⌬u kϪ1 ͒ϩmax͑ s͑n ͒⌬u k ͒ϭy 0 (20) where y 0 is the set-point of output y. This control law can also be expressed as
The resultant control algorithm is 
where Figure 4 gives a flow chart for the implementation of the proposed algorithm. As can be seen in Fig. 4 , after the feedback y k is sampled, max ŷ is calculated based on ͑19͒ using the given (h min (j),h max (j)) ( jϭ1,2, . . . ,n) and the previous control variables u kϪ1 ,u kϪ2 , . . . . As a result, the control variable u k can be determined from ͑22͒ based on ⌬u k (1) and ⌬u k (2) calculated from ͑23͒.
4.4 Stability. The stability of the resultant closed-loop control system is given below.
Theorem 1: For the given interval plant control problem ͑4͒, ͑6͒, and ͑8͒,
if u k is determined by control law ͑20͒. Proof: For the given nth order model ͑4͒,
In fact, y kϩnϪ1ϩi (⌬u kϪ1 ) and y kϩnϪ1 (⌬u kϪ1 ) are defined the outputs at kϩnϪ1ϩi and kϩnϪ1 respectively when the control actions are kept unchanged after instant kϪ1, i.e., 
is thus proved. As a result,
From ͑26͒ and ͑16͒,
Hence,
The control law ͑20͒ states that max y kϩn ͑ ⌬u k ͒рy 0
Eqs. ͑30͒ and ͑26͒ generate
Therefore, ͑30͒ and ͑20͒ produce max͑s͑n ͒⌬u kϩ1 ͒ϭy 0 Ϫmax͑ y kϩnϩ1 ͑ ⌬u k ͒у0 ͒
Since
where ϭmin(͉s min (n)͉,͉s max (n)͉)Ͼ0. Assume lim k→ϱ ⌬u k 0. Then for any given positive integer M, a ␦Ͼ0 exists so that the number of the control actions that satisfy 
Hence, control criterion ͑20͒ guarantees the stability of the closedloop control system and zero steady-state error and is therefore used to form the feedback control algorithm in Fig. 1 .
Closed-Loop Control Experiments
The power supply is an inverter arc power source, Thermal ARC ULTRA FLEX 350. This power supply can be used for either constant current ͑CC͒ or constant voltage ͑CV͒ mode. In our case, the CC mode is used.
Mild steel electrode wire with diameter of 0.048 in. is used. The shielding gas is 95%Arϩ5%CO 2 . The desired arc voltage level is 30.5 V. The maximum current level I p and the background current level I b are 220 A and 40 A. T 1 and T 2 are both 2 ms. The oscillation duration T 2 varies with the size of the droplet, but ranges from 2 ms to 3 ms.
To examine the resultant metal transfer process, a high-frame rate imaging system shown in Fig. 5 has been used to monitor the motion of the droplet during experiments. Resolution of the highframe rate camera used is 128ϫ128, but 800 frames of images are captured and stored in a second as video signal for computer analysis. The laser is projected by the left lens to travel toward the droplet/wire and then the image plane ͑Fig. 5͒ as a set of parallel lights. Lights blocked by droplet/wire will not reach the right lens and the image plane. The rest of the laser lights will illuminate the image plane and be viewed by the camera. It is known that the intensity of arc light quickly decays as the travel distance increases. If the distance from the arc to the right lens is sufficient, the arc light will be weaker than the parallel laser lights on the image plane. Consequently, the camera can image the geometry of the droplet and the wire. This method is referred to as laser backlighting technique ͓23͔.
Open-loop experiments have also been done in order to show the necessity of the closed-loop control. In the open-loop experiments, the average current is chosen as the value suggested by the manufacturer of the power supply. However, the average current is adjusted to maintain the voltage at the desired level in closedloop experiments. Hence, the average current is constant in openloop experiments but it varies during closed-loop experiments.
Wire Feed Speed Change.
In adaptive and intelligent welding, the heat input or the average welding current often needs to be adjusted on-line in order to maintain the weld pool size, the weld joint penetration, etc. at desired levels. Figs. 6 -9 illustrate experiments under on-line change in the wire speed. It can be seen that despite significant changes in the wire speed, the system can always maintain the welding process stable. The arc voltage can be restored to the set-point in short periods of time after disturbances in the wire speed are applied despite variations in the used wire speed and the resultant variations in the dynamics of the welding process.
Figures 10 and 11 illustrate the metal transfer process before and right after the wire speed increased from 100 inch/min to 180 inch/min. For conventional systems, the average current must increase accordingly. Otherwise, the wire will approach the workpiece at a very high speed because of the insufficiency of the current. As a result, as can be seen in similar cases shown in Fig.  6͑b͒ and 7͑b͒, the arc length ͑voltage͒ will decrease rapidly. The consequence will be short-circuiting. To achieve more comparative results, the average current was increased from 100 A to 160 A based on the manufacturer's recommendation when the conventional pulsed GMAW system was used. As can be seen in Fig. 10 , the metal transfer changed from the desired mode to an undesired mode due to the disturbance of the wire speed change. For the proposed system, the average current was adjusted gradually. During this transient period, the arc length ͑voltage͒ gradually returns to its set level. It is required that the desired metal transfer mode be maintained even during the transient period. As can be seen in Fig. 11 , the ideal ODPP transfer mode remains unchanged before and after the wire speed change.
Contact
Tube-to-Work Distance Disturbance. Robustness against variation in contact tube-to-work distance is very useful for manual GMAW. Figures 12-14 demonstrate the responses of the system to variation in the contact tube-to-work distance. It can be seen that if the process is not closed-loop controlled, the arc voltage will vary with the distance. However, the influence of the distance variation can be compensated if the process is closed-loop controlled. It can also be seen that the developed system can always closed-loop control the welding process at a satisfactory speed despite the variations in the used wire speed and contact tube-to-work distance and the resultant variations in the dynamics of the welding process. Also, as shown by the recorded images, the desired ODPP has been guaranteed despite the variation in the contact tube-to-work distance ͑Fig. 15͒. 
Conclusions
A pulsed GMAW control system which can guarantee the desired one-drop-per-pulse mode of metal transfer is developed. The average current level is adjusted by changing the waveform of the welding current and the metal transfer frequency remains unchanged during on-line control. A single feedback control algorithm is designed based on the quantified uncertainty in the dynamic model which represents the projected ranges of the welding operational parameters. Experiments verified the effectiveness of the system in overcoming the variations in wire speed and contact tube-to-work distance.
